Powder metallurgical (P/M) versions of Inconel@ 706, an iron/nickel-base superalloy, were evaluated*. The materials were gas atomized, consolidated by hot isostatic pressing (HIP) and subsequently forged to small pancakes. Effects of powder metallurgical processing parameters were investigated such as atomization gas, powder particle size fraction and HIP temperature. P/M 706 has a finer microstructure and a higher resistance to grain growth than conventionally cast and wrought (C/W) 706. High temperature hot compression testing shows about 10% lower flow stress for P/M 706 than for C/W 706. Tensile properties of as-HIP and solution treated and aged P/M 706 compare favorably to forged, solutionized and aged C/W 706, while Charpy impact strength is lower. Due to overaging in this study, HIP, forged, solution treated and aged PM 706 has a lower strength than usually observed in forged, solution treated and aged C/W 706. Low cycle fatigue results are excellent and exceed C/W 706 values by factors of 3 to 5. The fine and homogeneous grain size and the absence of any significant segregation observed in the P/M 706 is expected to greatly facilitate forging of large turbine disk shapes.
Introduction
Inconel@* superalloy 706, a precipitation hardenable nickel-iron-base alloy, is characterized by good mechanical properties at high temperatures combined with good corrosion resistance [l] . Other alloys of this type are hrconel@ 901, Inconel@ 7 18 and Alloy A-286 [2] . Alloy 706 is less prone to segregation than Alloy 718 due to the lower levels of niobium and aluminum and absence of molybdenum in the former. To achieve a sufficient strength level, more titanium is added in Alloy 706.
Alloy 706 is frequently used for very large forgings in applications such as gas turbine components and chemical processing [3] , [4] . The most advanced cast and wrought (C/W) processing includes triple melting: Vacuum induction melting, electroslag remelting and vacuum arc remelting (VIM, ESR and VAR) [5] . This way of processing reduces, but may not totally avoid melt-related defects and segregation, especially in very large parts. Also, C/W 706 is prone to grain growth and therefore requires low forging temperatures which necessitates very large pressing forces [6] .
Segregation can be avoided and melt-related defects can be significantly reduced by powder metallurgical (P/M) processing which results in very fine and homogeneous microstructures. This is especially important considering the growing demand for increasingly large forgings. Another advantage of PIM processing is the possibility for near-net shapes. The P/M route is being successfully applied to other similar Ni-base alloys such as Alloy 625 [7] , MERL 76, RenC 88DT [S] and RenC 95 [9] . The objective of the work performed here was to investigate the effects of a thermo-mechanical Treatment (TMT) on microstructure and mechanical properties of PM 706.
Experimental Procedure PM 706 powders were produced by both nitrogen and argon gas atomization. Nitrogen atomized 706 was screened to -60 mesh size (250 pm), argon atomized 706 was screened to -140 mesh size (106 pm), representing the most and least expensive versions. Both variants were hot isostatically pressed (HIP) at two different temperatures, 1950°F (1065°C) and 2065°F (1130°C) and subsequently forged to pancakes of 1.5" height and 5.5" diameter. In the following, the argon atomized material will be referred to as A706, the nitrogen atomized material as N706. N706 and A706 differ mainly in their nitrogen content. The chemical compositions of both versions are given in Table I. Compression tests were conducted at temperatures of 1700, 1800 and 1900°F (925,980 and 1035°C) and a strain rate of 0.05 s?. Cylindrical specimens of 1.125" (28.6 mm) diameter and 0.75" (19.1 mm) height were used. Blanks for microstructural investigations and mechanical testing were solutioned for 1 hour at 1800°F (98O"C), aged for 10 hours at 1350°F (732°C) plus 8 hours at 1150°F (620°C). Samples for microscopic evaluations were mounted, ground with SIC paper, polished with diamond paste and electrolytically polished for 25 set at 30 V with a solution of 20% sulphuric acid in methanol [IO] . They were etched with Kalling's reagent for optical microscopy (OM). For scanning electron microscopy (SEM), samples were electrolytically etched for 10 set at 5 V in a solution of 172 ml H3P0,, 10 ml H,SO, and 16 g CrO, [lo] . The as-HIP materials and the forged, solutionized and aged materials were investigated by optical microscopy, SEM and EDX. Grain size was determined using ASTM El 12. Tensile, Charpy impact and fracture toughness testing was conducted per ASTM EX, E23 and E813, respectively. LCF tests were conducted at 0.7 % plastic strain using a triangular waveform with a frequency of 20 cycles per minute and an A-ratio of 1 (switched to load control at 5 Hz after 28,800 cycles). In the consolidated materials, discrete precipitates decorate prior powder particle surfaces (Figure 2 ). In N706, precipitates are also present within prior powder particles, while in A 706 there are very few of those. EDX analysis reveals that these precipitates are titanium-, niobium-and niobium-titanium compounds, presumably carbonitrides. They pin the grain boundaries during heat treatment or thermomechanical processing and restrain grain growth. N706 contains more and larger precipitates than A706 due to it's higher nitrogen content of 0.04 %, which accounts for the even finer grain size of the former.
The typical, but very fine pancake microstructure following the forging simulator tests is shown in Figure  3 . The partly recrystallized grain structure bears no resemblance with the original as-HIP microstructure. During an annealing heat treatment, a small amount of grain growth takes place and results in an equiaxed
,",< -:, :*?y>"-':,+ -( 50 pm i% rnrme7 Room temperature mechanical properties of HIP, solutionized and aged P/M 706 are shown in Table III . Despite their differences in processing, all conditions exhibit very similar tensile strength and tensile ductility. All conditions exhibit a 0.2% yield strength around 150 ksi (1035 MPa), while their UTS is around 192 ksi (1325 MPa). The tensile elongations are around 2 1 %; the reductions of area are around 28 %. Charpy impact strength is 26 ft-lb (35 J)for N706, but with about 20 ft-lb (27 J) lower for the other three conditions. Fractography reveals a general absence of ball-and-socket fracture, indicating that the prior powder particles are not a weak path of least resistance to fracture. This is also evident in the good ductility observed [ 111.
The high temperature flow stress curves obtained from the isothermal compression tests show that the flow stress of the PM 706 decreases significantly with increasing temperatures, from 38 ksi (246 MPa) to 22.3 ksi (154 MPa) as the temperature is raised from 1700 F to 1900 F [ 121. When compared to C/W 706 material for the same test conditions, the P/M materials show an 8 -22 % lower flow stress depending upon temperature and strain rate (either .05 or.5 isec) [ 121. In general, the P/M material exhibits less strain rate sensitivity over the range of strain rates tested. There did not appear to be any difference in the flow stress behavior for the P/M materials as atomization gas, mesh size or HIP temperature were changed.
The mechanical properties of HIP, forged, solution treated and aged P/M 706 are given in Tables IV and  V . Again, all conditions exhibit very similar tensile strength and tensile ductility. Charpy impact and fracture toughness of N706 are higher than of A706, while low cycle fatigue lifetimes of A706 are better than of N706. Reduction of area (39 to 44 %) and Charpy impact toughness (28 to 37 ft-lbs (38 to 50 J)) Discussion PM 706 processed as described herein is fully dense and has a very tine microstructure. The rapid cooling rate inherent to P/M processing results in very fine cellular solidification microstructures in the as-atomized powders, while segregation is largely absent [12] . Also, the inclusion size is limited by the mesh size during powder screening. The very small grain size observed here is due to grain boundary pinning during thermo-mechanical processing by the finely dispersed carbonitride precipitates. Similar effects have been observed in nitrogen atomized Alloy 625 [ 131. This is most pronounced for nitrogen atomized P/M 706 with the larger number of carbonitrides. Annealing studies of hot forged P/M 706 indicate higher resistance to grain growth in this material as compared to C/w 706 [6] : P/M 706 has rive to eight times mailer grains than C/W 706 [6] after the same high temperature exposure ( Figure 5 ). This corresponds to ASTM No. Precipitates and other phases observed in aged P/M 706 are similar to the ones observed in C/w 706 with corresponding thermo-mechanical treatment. Alloy 706 is precipitation strengthened by y '-, y N-and y '/y N compound-phases and 6, q-and Laves-phases can precipitate also [2] . Large amounts of grain boundary 6, n-and Laves-phase degrade ductility and impact properties [2] . Properly distributed, the same phases pin grain boundaries during thermo-mechanical treatments resulting in finer grain sizes [2, 3] . In the HIP P/M 706, fine intragranular precipitates of y '-and y/'-phase and larger intergranular precipitates are present as expected following heat treatment (Figure 6a, c) . Their size is comparable to those observed peak-aged C/W 706 [3] . Also, q-and Laves-phases appear preferentially on grain boundaries. In the HIP plus forged material, the same phases are present, but they are much coarser (Figure 6b, d ). These observations reveal that the same standard heat treatment introduces a peak-aged microstructure in the HIP P/M 706 and a severely overaged microstructure in the HIP plus forged P/M 706. This is presumably due to the faster kinetics in P Petch relationship for grain boundary strengthening, one would expect the contribution of this component of the strength to increase 14 % from the smallest to the largest grain size in the HIP, solution heat treated and aged materials and 8 % in the HIP, forged, solution heat treated and aged materials. The fact that this does not significantly change the total yield strength observed in the tensile test implies that grain boundary strengthening plays a minor role compared to precipitate strengthening. The fine grain size is expected to improve fatigue properties.
Overall, the results of room temperature mechanical testing indicate that the lowest cost powder, coarse nitrogen atomized -60 mesh (250 pm), is as good as the highest cost powder, fine argon atomized -140 mesh (106 pm). In the as-HIP, solution treated and aged condition, tensile properties of P/M 706 compare favorably to forged, solutionized and aged C/w 706, while Charpy impact strength is lower 131.
In contrast, HIP, forged, solution treated and aged PIM 706 has a lower strength than usually observed in forged, solution treated and aged C/W 706 [3] . The ductility of HIP, solution treated and aged P/M 706 exceeds C/W 706 properties [3] . The reason for the lower strength is that the standard heat treatment leads to microstructural differences between HIP P/M 706 and HIP and forged P/M 706. The above described overaged microstructure of the HIP plus forged material explains the low room temperature yield strength observed in the heat treated condition. Heat treatment and microstructure have to be optimized to give balanced mechanical properties.
Low cycle fatigue (LCF) of HIP plus forged P/M 706 results are excellent (Table V) and exceed those of C/W 706 by factors of 3 to 5 [3] . The good low cycle fatigue resistance results in part from the very fine microstructure. Partly it might be due to the presence of large precipitates in the overaged material. The fracture toughness meets 706 C/W performance [3] .
Summarv and Conclusions
Two PM versions of the Superalloy 706 have been produced by argon and nitrogen atomization. Both have a very fine and homogeneous microstructure with grain sizes of ASTM No. 7 to 11.5 depending on thermo-mechanical treatment.
P/M 706 in general has a significantly lower propensity for grain growth than C/W 706. Higher forging temperatures with corresponding lower forging forces might be used with PM 706 due to the resistance against grain growth of the latter.
Precipitates and other phases observed in aged P/M 706 are comparable to C/W 706 with similar thermo-mechanical treatment, but the ageing kinetics of HIP plus forged P/M 706 are considerably faster than for HIP P/M 706.
The compacted P/M 706 contains discrete titanium-, niobium-and titanium-niobium-carbonitride compounds which pin grain boundaries during thermo-mechanical treatment. Nitrogen-atomized P/M 706 contains more frequent and larger precipitates that argon-atomized P/M 706 and therefore has a finer grain size.
The strength and ductility of HIP, solution treated and aged P/M 706 compare favorably to forged, solution treated and aged CIW 706.
The lower strength of HIP, forged, solution treated and aged PM 706 versus HIP, solution treated and aged PM 706 and forged, solution treated and aged C/W 706 is due to overaging. The heat treatment of HIP plus forged P/M 706 has to be optimized to account for the faster aging kinetics to achieve balanced mechanical properties.
